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16
Sonic Hedgehog (Shh) is a signaling molecule indispensable for vertebrate embryonic development 17 and adult stem cell niche maintenance (Ingham and McMahon, 2001 ). Impaired regulation of the 18 Hedgehog (Hh) pathway is a known cause of various birth defects and diseases (Bale, 2002) . 19
In the absence of the Hh ligands, the receptors Patched1 (Ptch1) Smo is a Class F G-protein coupled receptor (GPCR) and belongs to the superfamily of receptors 36 predominantly defined by Frizzleds (Frz), the canonical receptors of the Wnt signaling pathway 37 (Bhanot et al., 1996; Kristiansen, 2004) . Smo and Frzs share over 25% sequence identity and harbor 38 a conserved extracellular, amino-terminal Cysteine Rich Domain (CRD) and seven hydrophobic 39 domains. The CRD of Frz binds to Wnt through two distinct binding sites, one of which is a protein-40 lipid interface, to initiate signal transduction (Janda et al., 2012) . Similarly, the CRD of Smo has been 41 shown to bind to a variety of sterols (Myers et 
Ptch1
LacZ/LacZ ;Ptch2 -/-cells is indistinguishable ( Figure 1A ). Figure 1N ). Overall, Smo∆CRD-CLD, 104
SmoL112D-W113Y and Drosophila Smo were less able to induce the transcriptional Hh response 105 compared to Smo, Smo∆CRD, and SmoM2 ( Figure 1N ). This observation is consistent with the 106 notion that SmoM2 is refractory to Ptch1/2 regulation, and suggests that an additional activation 107 event may be required to further induce a Hh response. 108
We next tested whether we could further modulate Smo activity with SAG, an agonist that targets 109 the heptahelical domain, in the absence of Ptch1/2 activity. We measured the Hh response using 110 both the Gli-Luciferase reporter and the endogenous Ptch1:LacZ reporter contained within Ptch1 Boyden chamber (Chen, 2005) . We found that Ptch1
LacZ/LacZ ;Ptch2 -/-cells were indistinguishable from 125
LacZ/LacZ cells in their ability to migrate towards ShhN ( Figure 2A Figure 2B, C) . 149
We found a high level of cilial occupation by Smo:GFP ( Figure 2D) 
LacZ/LacZ ;Ptch2 -/-cells caused a small, but significant increase in the cilial occupation of 152
Smo::GFP ( Figure 2D) ShhH183A expressing cells ( Figure 3E ). This result indicates that the cholesterol modification of Shh 225 is able to compensate for the inability to bind Cdo, Boc or Gas1 when signaling in trans. The inability 226 of ShhH183A to signal in trans may be due, in part, to its poor autocatalytic cleavage, which is directly 227 linked to its modification with a cholesterol moiety ( Figure 3B ) (Goetz et al., 2006) . 228
We assessed the role of co-receptor binding during cell Figure 3I ). These findings demonstrate that cell-autonomous pathway activation is 262 a characteristic of all vertebrate Hedgehog paralogs. 263
Together our data confirms that the extracellular receptors Boc, Cdo, and Gas1 are not required for 264 pathway activation mediated by ShhN expression in Ptch1/2 null cells. As we found before in 265
LacZ/LacZ ;Ptch2 Figure 5A The discrepancy between the effects on patterning and the absence of 5E1 staining of these mutants 309 is possibly caused by poor recognition of the uncleaved ligand, in combination with the disruption of 310 the epitope in the H183Shh mutant. Importantly, the lack of ectopic 5E1 staining in embryos 311 expressing ShhN-H183A and ShhC199A that show ectopic activation of the Hh response,demonstrates that the effect on neural tube patterning is mediated by these Shh mutants as such, 313
and not due to secondary induction of endogenous Shh expression. 314
315
The cell-autonomous activity of ShhN is unaffected by alternate C-terminal extensions, but is 316 impeded by the cholesterol modification 317
The observation that the expression of ShhN, which lacks the C-terminal cholesterol modification, is 318 a much more potent activator of the Hh response than Shh led us to assess the extent to which forms 319 of Shh with varying lipophilic and C-terminal modifications can signal cell-autonomously and in trans. 
, 2009). This is in stark contrast to the observation that 337
ShhN is a potent cell-autonomous activator. To evaluate the extent to which the lipophilic 338 modifications of Shh affect its ability to activate the Hh response cell-autonomously, we transfected 339
Ptch1
LacZ/LacZ ;Ptch2 -/-reporter cells with constructs coding for various forms of lipid-modified Shh 340 ( Figure 5A, bottom diagram) . We find that the palmitoylation of Shh has little effect on its poor ability 341 to induce a cell-autonomous response, unlike its activity in trans ( Figure 5C The presence of cholesterol on Shh significantly decreases its ability to induce the Hh response cell-350 autonomously ( Figure 6C, 3F, 3I ). This decrease in activity is not due to its membrane association, 351 as Shh::CD4 and Shh::GFP are potent cell-autonomous activators of the Hh pathway ( Figure 6C ). 352
Consistent with the observation that forms of Shh with extraneous C termini are able to induce the 353 Hh response cell-autonomously, we found that the uncleaved ShhC199A mutant also retains the 354 ability to cell-autonomously activate the pathway in Ptch1
LacZ/LacZ ;Ptch2 -/-cells ( Figure 6C ). These 355 results concur with our observation that ShhC199A can induce the Hh response in vivo ( Figure 5D mutagenesis of C199 (Dhh) and C203 (Ihh) to a stop codon. ShhC199A was previously described 473 (Roelink et al., 1995) . Gli3
PHS was previously described (Meyer et. al., 2003) . LacZ/LacZ ;Ptch2 -/-;Shh -/-mouse embryonic stem cells 485 (Roberts et al., 2016) were plated at a density of 1.0x106 on 6-well plates and transfected with 6 486 genome editing plasmids the following day. One day after transfection, selective ES medium (100 487 µg/mL hygromycin and 0.5 µg/mL puromycin) was added for 4 days. with Gli-Luciferase, CMV-Renilla (control plasmid), and specified plasmids 24 hours after plating. 528
Cells were grown to confluency and then switched to low serum medium (0.5% FBS) alone or with 529 specified concentrations of Vismodegib or SAG. After 24 hours, cells were lysed and the luciferase 530 activity in lysates was measured using the Dual Luciferase Reporter Assay System (Promega). Raw 531 Luciferase values were normalized against Renilla values for each biological replicate to control 532 against variation in transfection efficiency. Individual luciferase/renilla values were then normalized 533 against the mock control average for each experiment. 534
LacZ Assay: Fibroblasts were plated at a density of 3x10 4 in 24 well plates and transfected with 535 plasmids 24 hours after plating (or remained untransfected for SAG experiments). Fibroblasts were 536 grown to confluency and then switched to a low serum medium (0.5% FBS) alone or with specified 537 concentrations of Vismodegib or SAG. After 24 hours, cells were lysed and lysates were analyzed 538 using the Galacto-Light TM chemiluminescence kit (Applied Biosciences) for level of LacZ expression. 539
Raw chemiluminescence values were normalized against total protein for each biological replicate. 540
Protein concentration was determined with a Bradford assay using the Bio-Rad Protein Assay Dye 541
Reagent. 542
Co-Culture Assay: Ptch1 LacZ 
Ptch1
LacZ 
LacZ/LacZ cells were set at "1". Error bars are s.e.m., p-values (Student t-test, 2 tailed) are 803 indicated were relevant, n=6 for Gli-Luc assay, n≥25 for LacZ assay, all independent biological 804 replicates. 805
